Low beam energies have been implemented in a simplified scanning electron microscope (SEM) technique; where the electron source, remote in standard SEMs, is brought within tens of nanometers to the object under investigation. This method, known a "near field emission scanning electron microscopy" (NFESEM), is capable of imaging conducting surfaces with nanometer-scale resolution using beam energies less than 60 eV. The terminology "near" refers to the locality of the field-emitted electron source; which is to distinguish itself from the "remote" field emission (FE) gun sources used in standard SEMs. Imaging is performed by scanning the electron source parallel to the sample surface at approximately a constant distance, while detecting two distinct, although related, quantities: the FE current and the secondary electrons (SE)s generated when the electron beam impinges on the surface. Here, the FE properties, in accordance with the tip-to-sample separation, will be emphasized, as the variations in SE yield are found to be directly correlated to the impinging primary electron beam.
Introduction
In conventional scanning electron microscopy (SEM), an image is generated by sampling electrons ejected from the surface of the investigated specimen, resulting from a finely focused electron beam scanned across the surface. The primary electrons generate secondary electrons (SE)s, where they impinge, which are subsequently detected. The primary beam generation and scanning mechanism typically require a complex sequence of steps performed by a stack of electrostatic and magnetostatic devices, restricting the typical SEM electron beam column to macroscopic dimensions (about one meter in length).
The main aim of near field emission scanning electron microscopy (NFESEM) [1] is the realization of some kind of surface topography image by raster scanning a fine, primary beam of electrons along the sample surface; whereby the primary electron beam is confined to spatial dimensions on the order of a few nanometers. For this purpose, the electron source -a cold field emitter tip -is positioned a few tens of nanometers from the surface of interest via a suitable piezoelectric device that is driven by applying specific voltages. The realization of the surface topography is performed by measuring two separate signals: the field emission (FE) current and the SEs ejected from the sample as a consequence of the beam of field-emitted electrons impinging on the surface.
In this Chapter, the FE properties, in accordance with the tip-to-sample separation, will be emphasized, since the variations in SE yield are directly proportional to the impinging FE signal. The fundamental physical aspects that govern the FE process in the "near field" regime will be discussed in Section 2. This will be followed by a description of the experimental steps leading to the image acquisition in Section 3. Finally in Section 4, some results describing the fundamental performance of this new instrument and future development are presented.
Fundamental aspects of field emission in the near field regime
The FE process is based on the quantum mechanical tunneling of electrons from the tip into vacuum via a classically forbidden potential barrier. Electrons are confined within the tip by the work function that separate the Fermi level from the vacuum level, in the absence of an electric field. An applied electric field lowers the vacuum level and, if the field is strong enough, the potential barrier is lowered below the Fermi level at atomic distances from the emitter surface. There is some residual tunneling probability for electrons residing close to the Fermi level, due to the tailing of the wave functions of the wave electrons into the vacuum, which can then overcome the potential barrier and are field-emitted into vacuum. Assuming a typical tailing over distance of ≈ 0.4 nm and a work function, ϕ, of 4 eV, the local electric field required to reduce the vacuum level at atomic distances is 10 V/nm. Although this is a very strong electric field, it can readily be achieved by applying tens of volts to an atomically sharp tip, in virtue of the singular behavior of electrostatic fields on "sharp" objects [2] .
The various models of the FE-process, which considers the tip geometry, the electronic structure of the metal and the exact spatial profile of the potential in the vicinity of the tip, produce a slightly different expression for the FE current density. Although this effect is based on quantum mechanical tunneling, it bears a simple proportionality between the FE current (I FE ) and the applied, local electric field strength, F:
(1) F 0 is some material specific constant, involving the effective height of the potential barrier seen by the electrons ejected into vacuum and contains details of the spatial profile of the potential barrier and the tunneling process. Using the effective work function for polycrystalline tungsten 4.5 eV [3] , F 0 assumes the "tutorial" value of ≈ 65 V/nm. Note that the tip has a finite, albeit small radius of curvature; therefore electrons are field-emitted from a finite surface of the tip. As a result, the local field F in Eq. (1) is a phenomenological field strength, measuring some average electric field along the apex of the tip; where the current is the strongest. Experimentally, the macroscopic field, F M , between the entire tip and extractor anode, is varied instead of F. The tip is set at some negative potential -V a , with respect to an anode, which, in the conventional FE regime (e.g. an electron gun column), is placed at macroscopic distances from the tip. In NFESEM, the anode is an almost flat surface at tens of nanometers from the field emitter. Therefore, in order to compare experimental results with Eq. (1), one needs to know the relationship between the phenomenological field F and the applied potential V a . This field may be related to the applied voltage V a by the equation:
(
where β is the applied voltage-to-barrier-field conversion factor. Values for β have to be obtained by electrostatic analysis of the emitter and system geometry.
Two limiting forms for the conversion factor β are of interest here. In the context of a parallel plate arrangement β is given by 1/d, where d is the plate separation. This is applicable when the radius of curvature of the tip, r tip is larger than d [4] . In this case, the emission area is approximately a "flat plate". By contrast, for r tip << d, β = 1/r tip . For a sphere β would be given by: β = 1/r sphere . This has led authors to introduce the phenomenological ansatz:
where k f is called the "shape factor" or the "field reduction factor." When the emitter is distant from its surroundings, it is often assumed that k f has a value in the range of 5 -8 [5] . These values originate from the exact result for a tip with hyperboloidal geometry, k f = (1/2) ln (4d/r tip ) [4, 6] for d >> r tip . The most useful formula for β in the transition region where d is of the order of r tip was derived by J. Sáenz et al. [7] . However, the exact manner in which β changes with distance depends on the detailed geometry of the emitter, and is usually not well-known; hence in the near field regime, one has to rely on explicit phenomenological measurements aimed at determining the relationship between F and V a . Figure 1a shows the voltage as a function of the tip-to-sample distance d at a fixed FE current I FE = 0.1 nA (the starting point for the "green" curve was set with an automatic approach to tunneling distances performed using I T = 0.1 nA and V B = 0.1 V). A fixed I FE means that the effective electric field F, used to extract the electrons, is also kept constant. The curve in Fig. 1a shows that in the working range of NFESEM; where d is tens of nanometers, a quasilinear dependence of V a upon d for a constant F. Note that the set of experimental data forming the "green" curve are not enough to pinpoint more accurately the d-dependence of V a . The relationship F ∝ V a /d, which is roughly valid in the interval d ∈ [10-70] nm, can tentatively be extracted from the measured d-dependence. Moreover this behavior is contrary to the d-independent F applied to the traditional regime d → ∞. This relationship implies that I FE ∝ exp (-F 0 · d/(aV a )), i.e. the FE current varies, at fixed V a , exponentially with d. The dimensionless constant a can be, in principle, determined from the standard plot of I FE upon V a at a fixed d (see inset to Fig. 1b) , combined with the phenomenological dependence measured in Fig. 1a , provided reasonable value for F 0 .
Alternatively, one can proceed by measuring directly the behavior of I FE , when d is varied to maintain the set I FE at constant V a , as shown in Fig.1b ("red" curve) . The most remarkable feature of Fig. 1b is the steep increase of the FE current when the distance is reduced at constant voltage. There are not enough experimental data to definitively ascertain that this steep increase follows an exponential law, but the aforementioned argument shows that the behavior of the "red" curve, with its steep increase, is a consequence of the strong d-dependence observed in the "green"-curve.
The implication of the 1/d-dependence of the applied electric field is important for the vertical resolution capabilities of NFESEM. As a result, it follows that a reasonable estimation for the I FE variations can be obtained:
which relates the changes of the measured I FE to changes of the distance d. Assuming a "tutorial" value of F ~ F 0 , this equation establishes the vertical spatial resolution, which is given by our ability to measure changes of the FE-current.
In practice, a current of nano-amperes can be measured with modern digital technology with at least 1% accuracy, which implies a nominal vertical resolution, arising from the FE-process in the near field configuration, of about 0.1 nm at d ≈ 10 nm. Figure 1 is therefore the "driving force," being the expectation of a vertical spatial resolution, which should allow for the observation of e.g. mono-atomic steps on metal surfaces. In fact, mono-atomic steps have been observed with NFESEM [1, 8] .
Experiment
To produce an image, the tip (or field emitter) is rastered along the specimen surface -at distances of tens of nanometers -with the servo switched off, i.e. constant height mode, which is obtained using a sample-and-hold amplifier. In this mode of operation, the two most important parameters for imaging are the FE current, I FE , and the primary beam energy (E P ). It is important to note that I FE and E P are analogous to the tunneling current (I T ) and bias voltage (V B ) used in scanning tunneling microscopy (STM). NFESEM, however, differs from STM in that the applied voltage, V a , is used to extract electrons from the tip -through the potential barrier, into vacuum -and subsequently accelerate the electrons toward the sample. Whereas in STM, the V a (or V B ) enables elastic or inelastic tunneling of orbital electrons between the tip and the sample, via a vacuum barrier. Consequently, the NFESEM regime is defined by a tip-to-sample separation distance large enough for electrons to be emitted from a field emitter tip via a cold FE process, i.e. greater than two nanometers at energies much larger than the work function of the tip (eV a >> ϕ tip ). The present NFESEM system, see Fig. 2 , consists of a homemade modified Lyding-type scanning tunneling microscope and a secondary electron detector (SED), as shown in Fig. 2a . UHV conditions are required to reduce surface contamination, which significantly alters the SE yield, as well as increase the primary beam stability. Therefore, the system was installed in a specially designed titanium UHV chamber with an inner aluminum coating, enabling the system to achieve a base pressure lower than 2·10 -11 mbar. Moreover, the STM is suspended by four stainless steel springs for high frequency damping and additionally has eddy current damping on the bottom side of the base plate. The geometry of the STM allows for the detector to be mounted near the sample. Our SED is situated approximately 2 cm from the sample edge and aligned to collect electrons ejected parallel to the surface; where the highest SE signal was experimentally observed. The primary beam current is typically of the order of tens of nano-amperes. Even though higher currents may increase the vertical resolution of the image (see above), they may also contaminate the surface and/or induce adsorbate motion between the tip and sample. Some suitable experimental conditions have to be found by trial and error. The beam energy should be the minimum energy required to eject several electrons from the top-most layer of the surface, presumably less than 60 eV. Secondary and reflected electrons will be detected by the strong electric field (~ 10 -30 V/nm) between the tip and the sample, which deflects the escaped electrons parallel to the surface. The electron detector, mounted essentially parallel to the sample surface, should cover an area large enough to encompass the entire sample. An acceleration voltage may be applied to the scintillator disk or extraction optics; however it should not perturb the primary beam. An automatic approach can be performed using well-known tunneling parameters for the set current and applied bias, e.g. I T = 0.15 nA and V a = 0.2 V for metals. Such parameters place the tip within a nanometer of the sample surface, which can be used as a "zero-point" for the vertical positioning of the tip. Upon the retraction of the tip to the desired scan height, the voltage between the tip and the sample may be increased until the desired FE current is achieved. If the radius is too large, higher voltages will be needed to acquire the same currents as for smaller radii. The smallest attainable effective emission radii typically produce the best vertical and lateral spatial resolution. However, tip stability may be problematic in high electric fields and currents, and this is a drawback of using very sharp tips. Clearly, the routine experimental performance will be the result of compromising between various requirements.
The standard procedure to determine the resolution capabilities in SEM is imaging a sample consisting of gold on a carbon substrate, which has been plasma-etched. Typically, hydrocarbon contamination restricts the visibility of grain edges limiting image resolution, due the high acceleration voltages used in conventional SEM. Recent advances in sample preparation show that depositing gold on Highly Ordered/Oriented Pyrolytic Graphite (HOPG) and performing a mild annealing prior to imaging, produces uniformly distributed nanometer-scale gold grains and reduces carbon contamination [9] . In accordance with these findings, a similar sample was fabricated to estimate the resolution in NFESEM. Here the sputter-cleaned HOPG was first heated to 650 o C before depositing an average thickness of 4 nm of gold at a "slow" deposition rate of 0.02 nm/minute. The gold particles were subsequently annealed for 5 minutes to ensure homogeneity. Imaging in conventional STM constant current mode, see Fig. 3 , reveals tightly-packed spherical gold particles hundreds of nanometers in diameter. All of the STM and NFESEM gold particle images were performed on this sample. respectively. The vertical contrast is clearly improved when the FE current is increased from (a) to (b). This is in agreement with the nonlinear current-distance characteristic of Fig. 1b ("red" curve) , according to which the sensitivity to small vertical changes strongly increases with FE current.
Results, discussion, and future developments
The following are various examples of ultra-high resolution capabilities of the NFESEM; where both the FE current and the SE signal are detected simultaneously. The SE-yield contains two extra factors, with respect to the FE current: the efficiency of the instrument in collecting the ejected electrons, which certainly depends on the energy of the electrons and their emission angle, and the SE-yield, which reflects the amount of electrons generated by the primary beam during elastic and inelastic collisions with the electrons and atoms localized in the top surface layers. The recorded images show that the two signals are very similar; therefore the FE current can be defined as the main contrast mechanism.
In line with the reasoning in Section 2, one of the most critical parameters for performing NFESEM imaging is the magnitude of the FE current. By inspecting the red curve in Fig. 1b , one can convince oneself that the highest sensitivity to vertical displacements is obtained in the region where the red curve is the steepest, i.e. at the largest FE-currents possible. In the steepest region, a small change of distance, produced by a protrusion on the investigated surface, produces the largest change in the FE current. In Fig. 4 , the same region of the sample is imaged at different currents. In Fig. 4a (smaller current) the gold particle in the upper right portion of the image is hardly recognizable, but increasing the FE current -see Fig. 4b -increases the image contrast, as shown quantitatively by the corresponding line scans in Fig. 4c and 4d . Fig. 5a , (b) SE image of Fig. 5a , and (c) subsequent image of the same area at a higher FE current and beam energy (Fig. 5c ). Furthermore, features can be observed with the enhancement of the raw images, where the raw images are corrected in two ways: first a linear or quadratic background is subtracted, and subsequently, the images are equalized -a standard method in image processing that usually increases the global contrast of many images [10] .
Spherically-shaped particles can be clearly distinguished in Fig. 5 , in both FE 5a and SE 5b images. Again, increasing the FE-current produces a sharpening of the topographic contrast ( Fig. 5c ). Note, however, that the lateral spatial resolution -a feature which we have not treated yet -observed in Fig. 5 is inferior to the one attained in standard STM (see Fig. 3 ). The lateral spatial resolution was estimated by J. Sáenz [11] on purely geometrical grounds to be of the order of the distance d, ∆x ~ [(r tip + d)·d] 1/2 . Figure 5 seems to be in accordance with this prediction.
To check Sáenz's prediction, an additional image ( Fig. 6 ) was generated at half of the tip-to-sample separation of Fig. 5 , i.e. about 50 nm. The lateral resolution appears to, indeed, be much better than in Fig. 5 , as clearly demonstrated by the sharp contrast at the bottom, right corner of the image. Note that the majority of the image exhibits a very constant contrast that is caused by the saturation of the detector. A line scan near the gold particle edge reveals a transition region of about 20 nm between the completely dark region and the top of the particle, where the detector is saturated.
Fig. 6
Enhanced NFESEM image of a gold particle on HOPG recorded at a tip-sample separation of 50 nm, where I FE ≈ 10.1 nA and E p = 297 eV.
In summary, a scanning tunneling microscope operating in constant height, FE mode has been used to generate a well-defined primary electron beam, when positioned in close proximity to a conducting surface. These preliminary results indicated that the SE yield is strongly dependent on the vertical displacement, since the variations in the FE current generate the bulk of the SE signal. Hence it is conceivable that this procedure will produce similar results in analogous systems. A theoretical effort is currently underway to quantitatively understand the details of the imaging process, including the lateral resolution. It could possibly lead to a better understanding of wave-mechanical electron optics for localized electron sources.
The lateral resolution displayed by NFESEM images [12, 13] exceeds the one predicted by geometrical arguments [11] . Various factors may produce this enhancement, for example the emitter shape, the sample topography, detector position, and the chemical make-up of both the tip and the sample. The geometrical limit refers to flat surfaces, but at an infinitely sharp edge, which principally appears in the proximity of mono-atomic steps at surfaces. The electric field diverges to infinity, making the step edge a suitable place for the field-emitted electrons to land.
There are numerous possibilities for the application of this microscope, due to the nature of its functionality. NFESEM is neither STM nor conventional SEM; howbeit UHV experiments involving nanometer-sized structures on conducting surfaces, limited to either of the aforementioned techniques, can be performed using NFESEM. NFESEM is also not intended to be coupled with conventional SEM systems, as in a combined STM/SEM , but rather to function as a stand-alone instrument. The possibilities for application range from, but are not limited to, electron beam lithography, magnetic recording media, microelectronics, biotechnology, medical studies, magnetic sensors, surface and coating technologies.
One of these applications is currently being implemented, and it will be discussed here. K. Koike et al. [14] have used a "remote source" scanning electron microscopy to image the magnetization distribution at surfaces with high spatial resolution. In SEMPA, the remote source produces unpolarized electrons: the magnetic contrast results from analyzing the electrons ejected from the surface, in accordance with their spin. In an alternative experiment, spinpolarized low electron energy microscopy (SPLEEM), a spin-polarized source is used, and the scattering asymmetry of elastically reflected electrons is detected [15] . As an extension of these methods to NFESEM, a non-magnetic tip could be used to detect the spin asymmetry of some scattered electrons (NFESEMPA) or one could use a magnetic tip and detect the asymmetry of the scattered intensity (SNFESEM). Both methods were postulated and considered by D. Pierce [16] . In his account of the feasibility of SNFESEM, he confers that there is a variation in scattering intensity on ferromagnetic samples due to a spin-dependent scattering asymmetry. It is estimated that this intensity is greatest for polarized electron beam energies of 100 eV or less, which is within typical NFESEM operation parameters.
Fig. 7
Schematic drawing of the new NFESEM system designed to perform both NFESEMPA and SNFESEM. The entrances of the detectors are shown, with respect to Fig. 2a .
The high spatial resolution capabilities for topographic imaging, using the electron intensity of the ejected electron, have already been demonstrated with the NFESEM, and the next step is to perform polarization analysis of these electrons. A compact, UHV-compatible Mott detector has been fabricated by Ferrovac GmbH, see Fig. 7 . In this instrument, electrons are extracted from the sample using an extraction voltage ranging between 200 -600 V. Upon the initial acceleration of the electrons, they are accelerated to 50 kV and are passed through a 90 o -deflection, which acts as a low-pass electron energy filter. This is used to select SEs with energies 5 eV or less, since they show the highest polarization for the transition metal magnets. These SEs are then accelerated towards a gold foil and undergo scattering processes. This detector will be used in combination with NFESEM to analyze SE, which were excited from an unpolarized electron beam; hence NFESEM with polarization analysis or (NFESEMPA).
